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Matrix-specific effect of endothelial control of 
smooth muscle cell migration 
Richard J. Powell,  MD,  Jeffrey A. Carruth,  MD,  Marc D. Basson, MD, PhD, 
Ralph Bloodgood,  BS, and Bauer E. Sumpio, MD,  PhD,  New Haven, Conn. 
Purpose: Smooth muscle cell (SMC) migration is a critical element in the development of
intimal hyperplasia. The effect of endothelial cells (ECs) on SMC migration and the 
modulation of this cell-to-cell interaction by extracellular matrix is not well understood. 
Methods: To examine this relationship SMCs and ECs were cocultured on opposite sides of 
a semipermeable membrane and were compared with SMCs cultured alone. To assess 
migration SMCs were plated at confluent density into the center of the membrane with a 
steel fence. After the fence was removed, SMCs were treated for 2 hours with mitomycin 
C (20 gg/ml) to assess migration independent of proliferation. Cell migration was 
measured with morphometry. Experiments were performed on plastic and membranes 
coated with fibronectin or type I collagen (n > 8/group). Cell adhesiveness was quanti- 
tated by cell attachment and spreading assays. 
Results: ECs stimulated SMC migration by 187% when compared with SMCs cultured 
alone on plastic and by 160% when cultured on fibronectin (p < 0.01). Type I collagen 
stimulated migration of SMCs cultured alone and prevented EC stimulated migration in 
cocultured SMCs (p < 0.01). Cell adhesiveness was significantly increased in cocultured 
SMCs compared with SMCs cultured alone regardless of whether cells were cultured on 
plastic (EC/SMC, 13.5 + 0.6 SMCs/high power field vs SMC, 8.9 + 0.5, p < 0.01), 
fibronectin (16.3 + 0.8 vs 12.3 + 0.7, p < 0.01) or type I collagen (15.5 + 1.0 vs 
12.4 + 0.6, p < 0.01). ECs increased SMC cell spreading on plastic and fibronectin when 
compared with SMCs cultured alone. No difference in SMC cell spreading was seen in the 
presence or absence of ECs when cells were cultured on type I collagen. EC-SMC contact 
was not required; EC-conditioned media alone increased SMC migration by 75% when 
compared with SMCs cultured alone. Our data suggest that ECs increase SMC migration 
by a diffusable molecule that may also alter SMC adhesion molecule expression. 
Extracellular matrix composition can attenuate these effects. (J Vase Surg 1996;24:51-7.) 
Vascular wall injury results in smooth muscle cell 
(SMC) phenotypic dedifferentiation from a contrac- 
tile to synthetic phenotype. >3 After phenotype alter- 
ation occurs, these cells migrate to the subintimal 
space, proliferate, and secrete extracellular matrix, 
leading to intimal hyperplasia. 4 SMC migration is an 
early event in the development ofproliferative vascu- 
lar lesions after vascular wall injury. The inciting 
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mechanism for SMC migration appears to be multi- 
factorial and is thought to involve autocrine and 
paracrine stimulation by growth factors uch as plate- 
let-derived growth factor released by injured endo- 
thelial cells (ECs), SMCs, and inflammatory cells. 57 
The extracellnlar matrix can also influence both 
SMC proliferation and migration. 6 Different compo- 
sitions ofextracellular matrix have been shown to alter 
SMC surface-binding protein expression and cyto- 
skeletal organization and as a result affect cell mi- 
gration. 8,9 
The effect of ECs on SMC migration has not been 
well studied. Several in vivo experiments suggest that 
EC presence can limit he degree ofintimal hyperpla- 
sia that occurs after arterial balloon catheter injury; 
however, this has not been a consistent finding in 
subsequent reports, l°,n Nonetheless these reports 
suggest hat ECs may limit the SMC response to 
injury and as a result attenuate the development of 
51 
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Fig. 1. Steel fencc is shown in center of coculture insert. 
SMCs are plated into center offence. After fence is removed, 
SMCs are attached only in center portion of membrane. 
intimal hyperplasric lesions. In vitro studies have also 
yielded conflicting results. One study has shown that 
ECs decrease SMC proliferation by secreting heparin 
sulfate from the abluminal cell surface, whereas ub- 
sequent studies have shown that ECs stimulate SMC 
proliferation. 12,~3 In addition, none of these studies 
has addressed the effect of ECs on SMC migration, a
process that is independent of proliferationfi The 
previously mentioned studies raise the possibility that 
ECs alter SMC migration by secreting either soluble 
factors that act directly on SMCs or extracellular 
matrix components hat modify the SMC substratum. 
The purpose of our studywas to examine the effect 
of ECs on SMC migration and to determine the role 
of the underlying extracellular matrix on this cell-to- 
cell interaction. With a coculture model in which 
SMCs are cultured on a semipermeable membrane 
opposite ECs, we tested the hypothesis that ECs alter 
SMC migration and that this response isinfluenced by 
the composition of the extracellular matrix. 
METHODS 
Cell culture. Bovine aortic ECs and SMCs 
were harvested with the collagenase method for ECs 
and the xplant method for SMCs. Cells were grown 
three to five passages from primary cultures in Dul- 
becco's modified Eagles medium/10% calf serum 
(DMEM/10% CS). ECs were identified by their 
cobblestone architecture and positive uptake of di-I- 
acetylated low-density lipoprotein. SMCs were iden- 
tified with an anti-~-actin antibody (Sigma A-2547, 
Sigma Chemical, St. Louis, Mo.). 
Coctflture model. For each component of this 
study SMC cultures were established by plating cells 
on a 13 Bm thick polyethylene t rapthalate membrane 
with 0.45 ~tm pores configured at a density of 1.6 
million pores/cm 2 (Cyclopore membrane, Falcon cell 
culture insert, Becton Dickinson, Lincoln Park, 
N. J.). EC/SMC cocultures were established by 
plating ECs on the outer side of the membrane and 
were grown to confluence over 3 to 5 days. Once the 
ECs were confluent (2 to 3 days as determined by 
phase contrast microscopy), SMCs were plated on the 
opposite side of the polyethylene t rapthalate mem- 
brane. After 24 hours both cell types were placed in 
DMEM 2.5% CS supplemented with penicillin, strep- 
tomycin, and glutaminc for the duration of each 
experiment. Medium was changed every 48 hours 
until each experiment was completed. 
This coculture model allows for the diffusion of 
soluble factors across the membrane, yet the two cell 
types remain separated for examination. Previous 
work has shown that limited physical contact occurs 
across the membrane during the first 2 to 4 days after 
coculture, after which SMC cytoplasmic projections 
cross the membrane and contact he ECs. However, 
substantially less contact occurs between the two cell 
types compared with that which occurs when ECs and 
SMCs are cocultured as a monolayer. 
Migration assay. SMCs were plated at a density 
of 1 x 105 cells/ml (.5 x 105 cells/well, n > 8 wells 
per group) into stainless teel fences placed in the 
center of membranes that were either uncoated (plas- 
tic) or commercially coated with human fibronectin 
(FN) or rat tail type I collagen (CI) (Biocoat cell 
culture inserts, Becton Dickinson Labwarc, Bedford, 
Mass., see Fig. 1). SMCs were cultured in DMEM 
10% calf serum supplemented with penicillin, strep- 
tomycin, and glutamine. After 6 hours the fences were 
removed, and the SMCs were treated for 2 hours with 
20 gg/ml  mitomycin C (to prevent SMC prolifera- 
tion from contributing to migration). Medium was 
then removed, and cells were placed in DMEM 2.5% 
calf serum for the remainder of the experiment. Cells 
were reefed every 3 days, and after 6 days in culture 
SMCs were washed with phosphate-buffered saline 
solution x 2, fixed in 4% formalin, and stained with 
toluidine blue. Cell migration was measured by scan- 
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Hg. 2. Migration of SMCs cultured alone on plastic insert 6 days after emoval of steel fence is 
shown on left. Migration ofSMCs cocultured opposite ECs is shown on right. 
ning the inserts on a computer scanner. With com- 
mercial software (Sigma Scan/Image, Jandel Scien- 
tific, Anaheim, Calif.) the radial migration as square 
millimeters was calculated. Migration rates for the 
experimental groups were referenced to the control 
group (SMC cultured alone on plastic), and migra- 
tion was expressed as percent of control. 6
The effect of EC-conditioned medium on SMC 
migration was examined in the following manner. 
EC-conditioned media (DMEM 2.5% calf serum) was 
collected after 24 hours of exposure to confluent ECs 
in T-75 tissue culture flasks. Medium was centrifuged 
(12,000 rpm x 10 rain) and filtered through a .2 ~tm 
filter to remove debris before being placed on the 
SMCs. SMCs cultured alone were treated with 
EC-conditioned medium every 3 days. At the end of 
6 days cells were fixed and stained, and migration was 
measured as previously described. SMCs cultured 
alone in the presence of EC-conditioned media were 
comparcd with SMCs cultured alone and SMCs 
cocultured with ECs. 
Cell at tachment assay. SMCs were plated either 
in the presence or absence of ECs. After 3 days in 
culture SMCs underwent trypsinization, and DMEM 
2.5% calf serum was then added to the cell suspensions 
to bring the cell count in each group to 1 x 104 
cells/ml. SMCs were then plated onto either plastic or 
FN- or CI-coated plates at a density of 1 x 104 
cells/well. After 15, 30, and 45 minutes plates were 
washed with phosphate-buffered saline solution x 2, 
fixed with 4% formalin for at least 1 hour at 20 ° C, 
stained with toluidine blue, and mounted on glass 
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Fig. 3. Migration of SMCs cultured alone (black bars) 
compared with that of SMCs cocultured with ECs (gray 
bars) on different extracellular matrix. ECs increased SMC 
migration on plastic and fibronectin (*, p < 0.01, SMC vs 
EC/SMC). Type I collagen stimulated migration in SMCs 
cultured alone (#, p < 0.01, SMC type I collagen vs SMC 
plastic and fibronectin). In addition, presence of ECs 
resulted in only minimal increase in migration on type I 
collagen. Results are expressed as mean + SEM. 
slides. Cells wcrc counted at equivalent locations on 
each membrane in a randomized blinded manner by 
two independent observers. Ten fields per slide were 
counted (n=2 for each experimental group; all 
experiments wcrc performed in triplicate). Cell at- 
tachment for SMCs cultured alone was then com- 
parcd with that ofSMCs cocultured with ECs on the 
different extracellular matrixes. 9 
JOURNAL OF VASCULAR SURGERY 
54  Powgll gt al. July 1996 
09 
"5 
o = 
E 
o 
03 
SMC SMC EC CM EC/SMC 
Fig. 4. Migration of SMCs cultured alone was decreased 
when compared with that of SMCs exposed only to EC- 
conditioned medium (EC/SMC CM) and SMC cocultured 
on opposite sides of semipermeable membrane (EC/SMC) 
(*, p < 0.01 vs SMC). Migration ofSMCs cocultured with 
ECs was increased when compared with that of SMCs 
cultured with EC-conditioned medium (#, p< 0.05, 
EC/SMC vs EC/SMC CM). Results are expressed as 
mean + SEM. 
Cell spreading. SMCs were cultured either in the 
presence or absence of ECs, and after 3 days in culture 
cells underwent trypsinization and were diluted to a 
cell count of I × 104 cells/ml. SMCs were plated on 
either plastic or FN-, or CI-coated inserts as previ- 
ously described. After 45 minutes culture inserts were 
washed with phosphate-buffered saline solution × 2, 
fixed in 4% paraformaldehyde, and stained with tolui- 
dine blue. Cells were photographed at200× magni- 
fication with a light microscope in a randomized 
blinded manner. Photographs were developed and 
mounted on a digitizing pad. Cell surface area was 
determined (in square micrometers) with commercial 
software (Jandel Scientific, Anaheim, Calif.). 
Data and statistical analysis. All experiments 
were performed in triplicate, and data were pooled. 
Results are expressed as the mean + SEM. Significant 
differences among groups were tested by analysis of 
variance and a post hoc Tuckey test with a computer 
and commercial software (Systat Inc., Evanston, Ill.). 
A value ofp  < 0.05 was considered significant. 
RESULTS 
SMC migration. ECs stimulated SMC migration 
by 187% compared with SMCs cultured alone on 
plastic (Figs. 2 and 3, EC/SMC vs SMC, p < 0.01) 
and by 160% when cultured on FN (EC/SMC FN vs 
SMC FN, p < 0.01). The migration of SMCs cultured 
alone on CI was increased by 82% when compared 
with that of SMCs cultured alone on plastic and by 
91% when compared with SMCs cultured on FN 
(SMC, SMC FN vs SMC CI, p < 0.05). When cul- 
tured on CI the presence of ECs resulted in only a 29% 
increase in SMC migration when compared with that 
in SMCs cultured alone. This difference was not 
significant (SMC CI vs EC/SMC CI, p = 0.35). In 
addition, CI decreased the EC-stimulated migration 
observed in cocultured SMCs on plastic by 79% 
(EC/SMC vs EC/SMC CI, p < 0.01). 
Cell contact was not required for EC stimulation 
of SMC migration to occur. Conditioned media from 
ECs also increased SMC migration by 75% when 
compared with SMCs cultured alone, although not to 
the same degree that occurred when SMCs were 
cultured directly opposite ECs on the same mem- 
brane (Fig. 4). 
SMC attachment. Cell adhesiveness was in- 
creased at 45 minutes in SMCs cocultured with ECs 
compared with that in SMCs cultured alone regard- 
less of whether cells were cultured on plastic 
(EC/SMC, 13.5 + 0.6 SMCs/hpf  vs SMC, 8.9 + 
0.5, p < 0.01), FN (16.3 + 0.8 vs 12.3 _+ 0.7, p < 
0.01) or CI (15.5 + 1.0 vs 12.4"+ 0.6, p < 0.01) 
(Fig. 5). The extracellular matrix proteins FN and CI 
increased cell adhesion in SMCs cultured alone (SMC 
FN, 12.3 _+ 0.9; SMC, CI 12.4 _+ 0.6) compared with 
SMCs cultured on plastic (SMC, 8.9 _+ 0.4; SMC FN, 
SMC CI vs SMC, p < 0.01). 
Cell spreading. ECs stimulated SMC cell spread- 
ing on plastic when compared with SMCs cultured 
alone (EC/SMC, 50 + 3 ~m 2 vs SMC 32 + 3 gm 2, 
p< 0.01). In addition, ECs stimulated SMC cell 
spreading on FN when compared with SMCs cul- 
tured alone (35 + 2 vs 48 + 3, p < 0.01). No signifi- 
cant difference in SMC spreading was seen in the 
presence or absence of ECs when cells were cultured 
on CI (40 + 3 vs 46 + 3). No significant difference in 
cell spreading of cocultured SMCs was seen when 
extracellular matrix types were compared (FN vs CI) 
(Fig. 6). Cell spreading of SMCs cultured alone was 
also not affected by the type of extracellular matrix 
present (FN vs CI). 
DISCUSSION 
Migration of SMCs into the subintimal space after 
vascular wall injury is an early and important event in 
the development of intimal hyperplasia. 5,14 SMC 
migration occurs after phenotypic modulation to a 
synthetic phenotype and before SMC proliferation 
and extracellular matrix synthesis. The process of 
migration is distinct from cellular proliferation. 
Soluble factors uch as bFGF, platelet-derived growth 
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Fig. 5. Effect of ECs on SMC attachment a 45 minutes. 
SMCs cultured alone (black bars) are compared with SMCs 
cocultured with ECS (gray bars). *, p < 0.01 SMC vs 
EC/SMC. Results are expressed as mean + SEM. 
factor, and extracellular matrix are involved in the 
control of  SMC migration, s'l~ 
The role of ECs in modulating the SMC response 
to vessel "wall injury is tmclear. Previous work evalu- 
ating the effect of ECs on SMC proliferation have 
yielded controversial results and have not directly 
addressed the effect of ECs on SMC migration. In 
vivo studies by Fingerle et al. ~° have demonstrated 
that the loss of ECs from the arterial intima results in 
the development ofan intimal hyperplastic lesion and 
that this lesion formation can be limited by rapid 
reendothelialization. Although this finding is sugges- 
tive of the important role of ECs in limiting this 
process, these authors have not identified an EC- 
released substance that might account for this phe- 
nomenon. More recent work, however, by Conte et 
al. 16 failed to show any attenuation of the intimal 
hyperplastic response after early luminal EC seeding 
of balloon catheter-injured arterial wall segments. In 
addition, Reidy and Silver ll failed to show any in- 
crease in SMC replication after gentle denudation of 
ECs from the intimal surface as long as no injury 
occurred to the underlying SMCs. Thus it is unclear 
how important he role of the EC is in controlling 
SMC phenotype xpression, migration, and growth 
after vascular wall injury in vivo. 
In vitro cell culture studies by Castellot et al.12 
have shown that ECs can inhibit SMC proliferation as 
a result of secreted heparin sulfates from the abluminal 
endotheliLal cell surface. These results conflict with 
studies performed by Fillinger et al. la and our own 
laboratory ~7 that have shown that ECs stimulate SMC 
proliferation when these two cell types are cocultured 
Plastic Fibronectin Type 1 Collagen 
Fig. 6. Cell spreading of SMCs cultured alone (black bars) 
compared with that of SMCs cocultured with ECs (gray 
bars) on different ypes of extracellular matrix. ECs in- 
creased SMC spreading on plastic and fibronectin 
(*, p < 0.01 SMC vs EC/SMC). No significant difference 
in cell spreading was seen when SMCs were cultured alone 
or with ECs on type I collagen. Results are expressed a  
mean + SEM. 
on opposite sides of a semipermeable membrane. 
Because proliferation and migration are unassociated 
processes, these studies cannot be used to address 
what effect ECs have on SMC migration. ~Our data 
demonstrate that ECs stimulate SMC migration in 
vitro and that this process appears to be mediated by 
a secreted soluble factor. Possible factors involved 
include platelet-derived growth factor, a growth fac- 
tor that has been shown to be secreted by cultured 
ECs. In addition, we have previously shown that ECs 
may regulate transforming rowth factor-~l activa- 
tion in coculture. Changes in transforming rowth 
factor-J31 levels have been shown to alter SMC mi- 
gration. 9Finally, ECs may secrete xtracellular matrix 
proteins that could eposit on the opposite side of the 
membrane and subsequently affect SMC migration. 
SMC migration is also modulated by the extracel- 
lular matrix composition. 18a9 In this study fibronectin 
decreased SMC migration when compared with cells 
cultured alone on plastic (Fig. 3). The presence of ECs 
increased SMC migration on both plastic and FN- 
coated membranes. This finding was different for 
SMCs cultured on type I collagen, which stimulated 
migration in SMCs cultured alone compared with 
SMCs cultured alone on plastic or FN. In addition, 
the presence of CI inhibited to a significant degree the 
EC stimulation of SMC migration observed on plastic 
and FN. 
Cell matrix interactions that allow the cell to 
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attach and detach to the extracellular matrix are im- 
portant in the migration process. 19 It has been shown 
that there is an intermediate cell attachment strength 
at which cell migration rate is optimized. 2° Mtering 
either the expression or organization of cell surface 
integrin and nonintegrin attachment molecules will 
subsequently affect cell migration, as will altering ex- 
tracellular matrix composition. In support of this hy- 
pothesis are the recent reports that demonstrate that 
after dedifferentiation SMCs alter their expression of 
cell surface integrins, upregulating cz-2 [3-1 integrin 
and decreasing ¢z-1 [3-1 integrin expression.2 
Madri ct al. 6 have shown that transforming 
growth factor-J31 alters integrin expression, whereas 
matrix composition can change the cell surface orga- 
nization ofintegrins. In this study adhesion molecule 
expression or organization as determined by cell 
adhesion was altered by the presence of ECs. This was 
true regardless of whether SMCs were cultured on 
fibroncctin, type I collagen, or plastic. The mecha- 
nism by which this alteration occurs is unclear. At 
present antibodies pecific for various bovine integrins 
are not available to identify the specific compositional 
and organizational changes in integrin expression that 
occur in SMCs as a result of ECs. 
Cell spreading has been shown to correlate more 
closely with migration rate than cell attachment, s 
Whereas cell attachment is likely to be primarily 
integrin-mediated, cell spreading appears to involve 
nonintegrin matrix-binding proteins as well. s In this 
study ECs increased SMC cell spreading. Differences 
in cell spreading between both groups (SMC vs 
EC/SMC) and different matrix types (plastic, FN, 
CI) were similar to those seen in SMC migration. 
Thus ECs may modulate SMC matrix adhesion mol- 
ecule expression or organization to account for the 
increased spreading and migration seen in the cocul- 
tured SMCs. The mechanism by which ECs may alter 
SMC adhesion molecule expression is unclear. EC- 
mediated increases in PDGF levels, cxtracellular ma- 
trix protein composition, or alterations in transform- 
ing growth factor-131 activation could effect SMC 
adhesion molecule expression or organization. 22 
EC stimulation of SMC migration is counterin- 
tuitive to what would bc expected. However, this 
model does not allow for extensive contact between 
the two cell types. In this model ECs stimulate SMC 
migration through a secreted factor. The EC effects 
on SMC migration may be different if EC-SMC 
contact were to occur to a more extensive degree. 
In conclusion, we have shown that ECs increase 
SMC migration in vitro. The mechanism of EC 
stimulation of SMC migration is unclear; however, 
our data suggest hat ECs may alter SMC adhesion 
molecule expression by means of a soluble factor. 
Moreover extracellular matrix composition can regu- 
late the EC-mediated effects on SMC migration. 
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DISCUSSION 
Dr. Frank LoGerfo (Boston, Mass.). Congratulations 
on your very nice presentation. I want to ask about the 
membrane. Is this membrane porous at all? Are the smooth- 
muscle cells capable of sending pseudopods through this 
membrane? 
Dr. Richard J. Powell (New Haven, Conn.). The 
membrane is porous. That includes the plastic insert, the 
fibronectin, and type I collagen-coated inserts. We have 
checked this by putting tryphan blue in the upper well and 
measuring the time that it takes to equilibrate between the 
two wells. 
Over time, probably after 4 to 7 days in coculture there 
is cell-to-cell contact between the SMC and the endothelial 
cells. This was actually borne out by Mark Fillinger and Dr. 
Cronenwett at Dartmouth before my arrival there. Al- 
though cell-to-cell contact occurs, this does not necessarily 
mean that there is communication between the cells. 
Dr. LoGerfo. I am just curious, at that point in time is 
there some change? In other words, what effect does the 
cells touching each other have? Is there a change in behavior 
of the culture at that point? 
Dr. PoweU. I have not carried these xperiments out far 
enough. At 6 days we measure migration. During that time 
period there is not enough cell-to-cell contact to occur for 
us to really evaluate what effect cell-to-ceil contact has on 
the migration. A different model would be to plate the cells 
on top of each other, and that is actually what we are doing 
now to assess cell-to-cell contact on migration. 
Dr. Allan Callow (Boston, Mass.). This is a lovely study 
you have done, but it puzzles me because it is somewhat 
contrary to my understanding of endothelial cell-smooth 
muscle cell relationships. We have a standard model for 
stimulating migration of SMCs by removing the endothe- 
lium. I do not dispute your data. I am merely asking you to 
put it into the real world of the normal atherosclerotic or 
injured artery. How do you explain this somewhat contrary 
effect? Is there an artifact, which is so often the case in cell 
culture models? 
Dr. Powell. It is unfortunate, I think, that our data 
suggest that endothelial cells stimulate muscle cell migra- 
tion, as other investigators have also shown previously that 
endothelial cells may stimulate SMC proliferation. It may be 
an artifact of the culture environment; however, we have 
tried to limit that to some degree by culturing endothelial 
cells on different types of extracellular matrixes. 
Again, other investigators have shown that endothelial 
cells in culture alone secrete PDGF, which could account for 
why the endothelial cells in this model appear to stimulate 
SMC migration, but I think the more interesting issue will 
be to see what happens when the endothelial cells and the 
SMCs are plated in such a way that there is a more extensive 
cell-to-cell contact occurring, because in that instance we 
might see that endothelial cells inhibit SMC growth or 
migration. 
